Nontypeable Haemophilus influenzae (NTHI) bacteria are commensals in the human nasopharynx, as well as pathogens associated with a spectrum of acute and chronic infections. Two important factors that influence NTHI pathogenicity are their ability to adhere to human tissue and their ability to form biofilms. Extracellular polymeric substances (EPS) and bacterial appendages such as pili critically influence cell adhesion and intercellular cohesion during biofilm formation. Structural components in the outer cell membrane, such as lipopolysaccharides, also play a fundamental role in infection of the host organism. In spite of their importance, these pathogenic factors are not yet well characterized at the nanoscale. Here, atomic force microscopy (AFM) was used in aqueous environments to visualize structural details, including probable Hif-type pili, of live NTHI bacteria at the early stages of biofilm formation. Using single-molecule AFM-based spectroscopy, the molecular elasticities of lipooligosaccharides present on NTHI cell surfaces were analyzed and compared between two strains (PittEE and PittGG) with very different pathogenicity profiles. Furthermore, the stiffness of single cells of both strains was measured and subsequently their turgor pressure was estimated.
Nontypeable Haemophilus influenzae (NTHI) bacteria are commensals in the human nasopharynx, as well as pathogens associated with a spectrum of acute and chronic infections. Two important factors that influence NTHI pathogenicity are their ability to adhere to human tissue and their ability to form biofilms. Extracellular polymeric substances (EPS) and bacterial appendages such as pili critically influence cell adhesion and intercellular cohesion during biofilm formation. Structural components in the outer cell membrane, such as lipopolysaccharides, also play a fundamental role in infection of the host organism. In spite of their importance, these pathogenic factors are not yet well characterized at the nanoscale. Here, atomic force microscopy (AFM) was used in aqueous environments to visualize structural details, including probable Hif-type pili, of live NTHI bacteria at the early stages of biofilm formation. Using single-molecule AFM-based spectroscopy, the molecular elasticities of lipooligosaccharides present on NTHI cell surfaces were analyzed and compared between two strains (PittEE and PittGG) with very different pathogenicity profiles. Furthermore, the stiffness of single cells of both strains was measured and subsequently their turgor pressure was estimated.
Haemophilus influenzae is a gram-negative bacterium and a common commensal of the human nasopharynx; however, it can also be responsible for a number of serious infections (17, 28, 64, 65) . H. influenzae strains are divided into two groups, according to the presence or absence of six antigenically distinct extracellular polysaccharide capsules (serotypes a to f) (33, 54) . In particular, organisms possessing the type b capsule are highly virulent and may cause bacteremia and invasive infections such as meningitis and pneumonia (28, 33, 65) . Strains that do not possess one of six antigenically distinct capsules are classified as nontypeable H. influenzae (NTHI) and are associated with colonization in the great majority of healthy individuals (33) . The NTHI strains are also associated with acute and chronic infections of the respiratory tract, such as acute otitis media (OM), chronic OM with effusion, otorrhea, sinusitis, bronchitis and chronic obstructive pulmonary disease (28, 42, 68, 81) . They are also increasingly linked to invasive diseases such as meningitis and sepsis (66, 67, 74, 75) .
NTHI disease occurs when bacteria adhere to and colonize/ invade epithelial cells in the respiratory tract or invade into surrounding tissues. The initial interaction between NTHI bacteria and the host is the adherence to epithelial cells (72, 81) . Fibrillar appendages, called fimbriae and pili, promote and enhance adherence to epithelial cells and nasal tissue by using adhesins to bind to specific receptors on the host cell surface (28) . Pili and fimbriae are present in many gram-negative bacteria, and besides adhesion they also perform other functions such as aiding genetic transfer between bacteria (sex pili) and generation of movement on surfaces via twitching motility (28) . Many of the genes encoding these structures appear to be associated with mobile genetic elements and pathogenicity islands (51) . Subsequent steps associated with chronic infection might include formation of microcolonies and ultimately a biofilm (11, 26, 35) .
H. influenzae lipooligosaccharides (LOS) are important for colonization, bacterial persistence, and survival in the respiratory system. The interaction between bacteria and host cells is influenced by LOS structure, which varies among strains and also among bacterial cells within a strain. In H. influenzae, LOS is comprised of an oligosaccharide, composed mainly of neutral hexose and heptose sugars, linked via a single 2-keto-3-deoxyoctulosonic acid to the membrane-anchoring lipid A moiety (39) . To the best of our knowledge, detailed information about the LOS length distribution is not available for NTHI bacteria. H. influenzae bacteria do not produce a true poison or toxin (28) . Disease results from the host cell's response to bacterial factors, particularly endotoxin (LOS) (28) .
Recent evidence suggests that H. influenzae is capable of forming mucosal biofilms in animals and human patients with middle ear infections (26, 35) . Biofilms are surface-attached microbial communities with phenotypic and biochemical properties distinct from those of their free-swimming, planktonic counterparts. Significantly, certain biofilms can develop antibiotic resistance up to 1,000-fold greater than planktonic cells (21, 47) .
Fimbriae of different strains of H. influenzae bacteria have been visualized in great detail using electron microscopy (EM), particularly transmission EM (TEM) (10, 20, 33, 41, 52, 69) . In addition, their LOS composition has been extensively investigated by electrophoretic and mass spectrometric methods (11, 15, 38, 39, 44) . However, none of these studies has been carried out under physiologically relevant conditions. Unlike EM, atomic force microscopy (AFM) is able to operate in liquids (13, 18, 22, 53, 76) and has been increasingly applied in microbiology to observe structural details of microbial cells (55, (57) (58) (59) , study their elastic properties (6, 73, 78, 82, 83) , probe cell-surface interactions (2, 3, 30, 34, 46, 61, 77) , and more recently fingerprint individual molecules on the surface of microbial cells (23) (24) (25) 29) .
In the present study, we employed AFM during the early stages of NTHI biofilm formation to study morphological details as well as nanomechanical properties of two phenotypically and genetically distinct clinical strains (PittEE and PittGG) with very different pathogenicity profiles (17, 37) .
AFM. All measurements were carried out with a Nanoscope III extendedmultimode atomic force microscope from Veeco (Santa Barbara, CA) with a 150-by 150-m 2 "J" scanner, using NanoScope III software (version 5,12R3). A multimode AFM liquid cell (Veeco) without an O-ring was used for measurements in buffer solutions. Si 3 N 4 (and Si) AFM tips integrated with cantilevers (Veeco) having nominal spring constants of 0.01 to 0.03 N/m (and 40 N/m) were used for measurements in liquid (and air). Cantilever spring constants were measured as described elsewhere (40, 45) . Mechanical properties and unbinding events were measured by acquiring point-by-point force-versus-distance curves over 32-by-32 arrays (force-volume). Further details have been described elsewhere (1, 4, 5, 9, 60) . The sensitivity of the photodetector was calibrated by acquiring force-versus-distance curves on clean regions of mica. The tip velocities for the present measurements varied between 0.5 m/s and 1 m/s.
Custom MatLab (MathWorks, Natick, MA) routines were written for data analysis. To obtain elasticity maps, force-versus-distance curves were transformed into indentation curves using procedures described elsewhere (3-5, 9, 45) . Briefly, the bacterial cell's deformation (penetration depth of the tip), ␦, was obtained by subtracting the cantilever deflection from the displacement of the piezo. These values were plotted along the x axis of the indentation curve. Forces were calculated by multiplying the elastic constant of the cantilever by the cantilever deflection. Subsequently, the stiffness for each indentation curve was found by evaluating the derivative of the unloading force with respect to the penetration depth. For data points outside the analyzed bacteria, the stiffness exceeded threshold values, and consequently, a value of zero was assigned to the stiffness in these regions.
Force-extension curves for analysis of unbinding events were obtained using similar transformations to the piezo displacement and cantilever deflection as in indentation curves. Statistical analysis of unbinding events was performed by first identifying local minima in force-versus-distance curves and then evaluating unbinding forces as described previously (3, 9) . When unbinding events in a force-extension curve were identified, each event of the curve was fitted to the extended freely jointed chain (m-FJC) model (32, 43, 45, (48) (49) (50) 62) to analyze the elasticity of the possible LOS molecule(s) being extended by the AFM tip. In the m-FJC model, the extension (z) of the polymer is related to the force (F) applied by the cantilever
, where L k is the Kuhn length, L c is the contour length, coth is the hyperbolic cotangent, k s is the segment elasticity, T is the temperature, and k B is the Boltzmann constant. L k and L c were used as fitting parameters. The FJC model is obtained from the m-FJC model when k s is infinite. A value of k s ϭ 2.2 N/m was found suitable for the analyzed force-extension curves after allowing it to vary between 1 and 100 N/m in several fitting attempts. Values of k s have been reported to vary greatly for different polysccharides, depending on the specific polysaccharide and solvent used (32) . To discard events unlikely to originate from the extension of LOS molecules, only Kuhn and contour lengths with L k Ͼ 0.09 nm and L c Ͼ 10 nm were considered in the results summarized in the histograms. Events with a shorter L k were more likely to be due to several molecules being stretched by the AFM tip, and events with a smaller L c were too small to be considered LOS molecules.
RESULTS AND DISCUSSION
Imaging of biofilm growth. The formation of a stable, robust NTHI biofilm was observed using the rotating-disk reactor (Fig. 1 ). The coccobacillus-shaped H. influenzae bacteria were clearly visible in the AFM images after a few hours of incubation (Fig. 1A) . The number of attached cells consistently and steadily increased with time ( Fig. 1B to E) . In contrast, biofilms grown without the shear applied in the rotating-disc biofilm reactor usually reorganized or detached during rinsing and thus produced inconsistent AFM images. These results are consistent with earlier reports that demonstrated biofilms were more strongly attached and were cohesively stronger when grown under shear stress (63, 70) . As the number of attached bacteria increased, extracellular polymeric substances (EPS) were observed as halo-like features (Fig. 1B to D) . These were principally seen in the vicinity of bacteria, thus supporting the bacterial origin of these features. Furthermore, the surface area occupied by EPS increased as the biofilm expanded on the surface (Fig. 1B and C) . AFM phase images showed distinctive phase contrast of EPS with respect to bacteria and substratum (Fig. 1D) , indicating different viscoelastic properties of the EPS structure. Highermagnification AFM images revealed a granular structure for the observed EPS (inset in Fig. 1D and E), in agreement with previous work on Pseudomonas putida and Pseudomonas aeruginosa biofilms (7, 12, 36) . While the dimensions of the grains ranged from approximately 5 to 40 nm, as determined by their height, the measured widths were larger (approximately hundreds of nanometers) due to tip convolution. The granular structure of EPS is evident from the isolated grains (Fig. 1E) , but as the grains grow, the EPS morphology becomes gradually amorphous and continuous. Figure 1E suggests a mechanism in which bacteria release EPS in small discrete amounts and form the more familiar amorphous continuous masses as grains coalesce. NTHI bacteria residing in biofilms are known to release copious amounts of EPS as demonstrated by scanning EM (SEM) imaging (26, 80) . The EPS usually appeared as a large amorphous mass in the SEM studies, as mature biofilms were primarily investigated. However, similar granular features were observed in immature biofilms (80) .
While the PittGG cells (17, 27, 37, 65) were ϳ25% longer than the PittEE cells, PittEE cells were wider and higher by 14% and 19%, respectively (Table 1) . This difference in size produces a 15% larger contact area between PittGG cells and a substratum such as host cells. This observation is of interest as the PittGG strain is far more invasive and virulent than the PittEE strain. PittGG was isolated from a patient with a spontaneously perforated tympanic membrane associated with otorrhea, whereas the PittEE strain was isolated from a patient with chronic OM with effusion at the time of myringotomy and tympanostomy and tube placement. Similarly, in the chinchilla model of OM, PittGG was universally associated with systemic spread and induced 100% mortality, but none of the PittEEinfected cohort showed infection beyond the tympanic bullae, and all survived.
Characterization of biofilms under physiologically relevant conditions. (i) Morphology. Biofilms of NTHI bacteria that had never been dehydrated were prepared on APTES-modified silicon surfaces and imaged in HEPES solutions (Fig. 2) . For these biofilms, we observed similar EPS and bacterial morphological features to those of the air-dried samples. The coccobacillus shape of the bacteria and the granular structure of EPS seen in air ( Fig. 2A) were also observed in aqueous solutions (Fig. 2B) . Furthermore, cellular scar-like features likely representing the fission plate of the previous division cycle were found on individual bacteria imaged in air (Fig. 2C ) or in liquid ( Fig. 2D and E) . AFM images obtained in aqueous solutions showed (Fig. 3 ) smoother bacterial surfaces than those imaged in air (Fig. 1E) . Significantly, bacterial appendages became apparent for biofilms formed from the PittGG strain. These appendages were faintly visible as filamentous structures (Fig. 3A) and were more clearly observed in phase-tapping-mode images (Fig. 3B) (31, 71), but also became visible in height contact mode (Fig.  3C and D) . The appendages appeared to be partially embedded in EPS grains, which produced difficulties in visualizing them clearly (Fig. 3C and D) . Their measured lengths were ϳ500 to 1,000 nm, and their diameters were ϳ5 nm.
These PittGG-specific structures are most likely pili and were not observed on the PittEE bacteria. Interestingly, the genomes of both PittGG and PittEE have been completely sequenced and they differ by the possession or absence of 339 orthologous gene clusters (37) ; however, the Hif locus, inserted between purE and pepN genes in the PittGG genome, is the only annotated locus that could encode such structures. The Hif-type pili are distinct from the larger type IV pili encoded by some NTHI strains associated with mating, DNA transfer, and twitching motility (10, 41) and have been widely associated with virulence (51); neither PittGG nor PittEE con- 
FIG. 2. (A) Granular EPS features of NTHI biofilm cultures observed in air. (B)
Similar results were obtained in HEPES buffer with samples that were not allowed to dry before images were acquired. Cellular scar-like features (marked with white arrows) seen in the body of single bacteria in air (C) were also observed in aqueous solutions (D and E), although not as clearly. The image in panel D shows a magnified view of the region marked in panel E to illustrate the scar-like feature with more clarity. Images in panels C and D are displayed in the mixed-height/illumination mode to highlight details.
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(ii) Elasticity of NTHI bacteria. Elasticity maps (Fig. 4A ) revealed stiffness (S) values of ϳ0.01 to 0.05 N/m (Fig. 4 and Table 2 ) for the cell walls of NTHI bacteria in 100 mM HEPES buffer. Indentation curves on NTHI cells were generally reversible (Fig. 4B) , thus showing an elastic response of the NTHI bacteria to the penetrating AFM tip up to the highest loads (ϳ0.5 nN) used in our experiments. In the few cases when plastic deformation occurred, this was indicated by a small hysteresis (Ͻ20 nm) in the indentation curves. The elastic deformation, ␦, of the NTHI bacteria (i.e., indentation depth of the tip) was typically ϳ20 to 30 nm for the maximum pressures exerted (ϳ0.1 to 1 to 1 MPa). For comparison, stiffness values were 3 to 4 orders of magnitude higher for bacteria analyzed in air, thus indicating their considerable hardening, likely due to dehydration.
Following previous work by Boulbitch et al. (6, 16) , we modeled NTHI bacteria as a thin elastic cylindrical shell deformed locally by the AFM tip. To analyze the total force (F ϭ F t ϩ F p ) acting against the AFM cantilever, two contributions, F t and F p , were taken into account (6) . One of them, F t , originates from the turgor pressure, p, acting against the cell wall, and the second, F p , stems from the lateral rigidity of the cell wall provided primarily by the covalent bonds that bind the thin peptidoglycan layer (ϳ1 to 7 nm thick for gram-negative bacteria) (6, 19, 81) . Since F p Ͻ Ͻ F t (6, 19) , the primary contribution to the total force originates from the turgor pressure and this can be determined by the relation P ϭ 2S/(3R), where R ϭ (W/2, ϳ400 nm) (Table 1) is the radius of the analyzed NTHI bacteria, W is the width, and ϭ (/d) is a geometric factor that depends on the ratio between , the contact radius of the cantilever tip with the bacterial envelope, The pilus protrudes only ϳ2 nm above the underlying surface, and it appears to be partially buried inside EPS particles on the surface. Its width is ϳ5 nm, after tip broadening is taken into account (79) . All images were obtained in HEPES buffer.
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and d, the lateral cutoff distance from the tip at which the normal deformation of the membrane vanishes (6) . Assuming the same value ϳ 0.2 for the geometric factor as in reference 6 and using S given in Table 2 , turgor pressures of 0.093 Ϯ 0.040 MPa and 0.141 Ϯ 0.045 MPa are found for the PittGG and PittEE strains, respectively (Fig. 4) . This correlates reasonably well with published values, considering that turgor pressures commonly encountered in gram-negative bacteria range from 0.08 to 0.5 MPa (81) and that these can be up to 1 order of magnitude smaller in medium than in distilled water (82) .
(iii) Elasticity of LOS. We employed force-extension curves to characterize the extension of polymers on the surface of NTHI cells as a result of the force measured during cantilever retraction from the cell's surface. These curves are marked by characteristic unbinding or rupture events between polymers and the AFM tip. Figure 5A Table 2 and do not differ significantly from the values found for these cells. All data were acquired in 100 mM HEPES buffer. 
No. of cells analyzed The unbinding events, marked by peaks in the retraction curves, are attributed to LOS and extracellular polymers on the cell surface being extended by the tip. (E) Percentage of curves that displayed single or multiple unbinding events acquired on two individual PittGG and PittEE cells. Forty-six percent (42%) of the total number of curves acquired on the PittGG (PittEE) cell had events. Single events were observed more frequently than multiple unbinding events in the curves. Data for both strains were collected using the same AFM tip, which was cleaned with organic solvents (acetone and methanol) and in an ozone chamber after the first use. (F) Histograms for the distribution of unbinding forces between the AFM tip and cell surface polymers for the same NTHI cells as in panel E. For these individual cells, larger unbinding forces were obtained for PittEE (0.091 Ϯ 0.043 nN) than for PittGG (0.049 Ϯ 0.042 nN). However, after results for several cells of each strain were analyzed, values of ϳ0.05 nN were found for both strains (Table 2) .
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at MONTANA STATE UNIV AT BOZEMAN on May 7, 2009 jb.asm.org on cells of PittGG and PittEE strains, respectively, exhibited unbinding events. In both cases, the majority of events originated from a single event per curve (Fig. 5E ). The percentage of events per curve was slightly lower for PittEE cells, but unbinding force values were in general comparable for both strains ( Fig. 5F and Table 2 ). These unbinding forces are lower than the nN range forces reported for Myxococcus xanthus bacteria and diatoms (3, 55) . Similarly, the polymer extensions discussed below are also lower than the m range extensions reported in those studies.
To examine whether these events could possibly originate from stretching of single LOS or EPS molecules, we fitted each unbinding event to the m-FJC model and restricted our analysis to those events obtained on the surface of bacterial cells (Fig. 6A and B) . The Kuhn length distributions (Fig. 6C and Table 2 ) are similar for both strains, and their global maxima lie between 0.1 nm and 0.2 nm. The contour length distributions reveal a larger percentage of events with lengths in the 20-to 60-nm range (Fig. 6D and Table 2 ), which suggests a larger population of polymers with short chains. Because of their short saccharide chains, the lipopolysaccharides (LPS) of H. influenzae are often referred to as LOS (28) and accordingly, the smaller and more frequently observed single events are tentatively attributed to LOS, while the events with larger extensions and unbinding forces (Fig. 5C and D) are attributed to extracellular polymers. In spite of the restrictions set by the values of Kuhn and contour lengths, both distributions may still be influenced by events, in which the LOS/EPS polymers are only partially elongated, thus making it difficult to attribute (Table 2) did not differ significantly from the values obtained from these distributions. all events with small contour lengths entirely to LOS chains. Significantly, TEM images of samples prepared by the freezesubstitution technique for another gram-negative opportunistic pathogen, Pseudomonas aeruginosa (PAO1), have shown that the O-side chains of B-band LPS can extend up to 40 nm from the outer membrane (14) . The reasonable agreement between these values and those observed in the contour length distributions; suggest that, at least in some cases, single LOS molecules were getting pulled by the AFM tip.
Conclusions. We have applied AFM to study structural details under physiologically relevant conditions at resolutions comparable to those of EM of two different NTHI clinical isolates with vastly different pathogenicity profiles. Using tapping-mode phase imaging, we visualized appendages believed to be Hif-type pili in the PittGG strain and correlated their presence with the corresponding genes and higher pathogenicity associated with this strain compared with the PittEE strain (17) .
By monitoring biofilm formation at its early stages, we observed the formation of granular structures of extracellular polymers, followed by their subsequent aggregation to form larger amorphous masses. AFM-based single-molecule spectroscopy allowed the characterization of NTHI LOS through force-extension curves. The contour length distributions correlated with the expected lengths of LPS observed with TEM for PAO1 bacteria (14) . Finally, by measuring the stiffness of single bacterial cells, we determined the turgor pressure of NTHI bacteria and found slightly larger values for the PittEE strain.
